Pancreatic cancer is a malignant neoplasm with a high mortality rate. Therapeutic agents that activate TNF-related apoptosis-inducing ligand (TRAIL)-induced apoptosis have shown promising efficacy, but many pancreatic cancers are resistant to TRAIL therapy. Epigenetic regulation plays important roles in tumor pathogenesis and resistance, and a recent study indicated that the long non-coding RNA HOX transcript antisense RNA (HOTAIR) is overexpressed in pancreatic cancer. However, the role of HOTAIR in pancreatic cancer resistance to anticancer agents is unknown. The present study determined the role of HOTAIR in pancreatic cancer TRAIL resistance and investigated the underlying molecular mechanisms. We observed that TRAIL-resistant pancreatic cancer cells had higher levels of HOTAIR expression, whereas TRAIL-sensitive pancreatic cancer cells had lower HOTAIR levels. Overexpressing HOTAIR in TRAIL-sensitive cells attenuated TRAIL-induced apoptosis, and shRNA-mediated HOTAIR knockdown in TRAIL-resistant PANC-1 cells sensitized them to TRAIL-induced apoptosis. These results support a causative effect of HOTAIR on TRAIL sensitivity. Mechanistically, we found that increased HOTAIR expression inhibited the expression of the TRAIL receptor death receptor 5 (DR5), whereas HOTAIR knockdown increased DR5 expression. We further demonstrated that HOTAIR regulates DR5 expression via the epigenetic regulator enhancer of zeste homolog 2 (EZH2) and that EZH2 controls histone H3 lysine 27 trimethylation on the DR5 gene. Taken together, these results demonstrate that high HOTAIR levels increase the resistance of pancreatic cancer cells to TRAIL-induced apoptosis via epigenetic regulation of DR5 expression. Our study therefore supports the notion that targeting HOTAIR function may represent a strategy to overcome TRAIL resistance in pancreatic cancer. . 2 The abbreviations used are: TRAIL, TNF-related apoptosis-inducing ligand; DR4, death receptor 4; DR5, death receptor 5; EZH2, enhancer of zeste homolog 2; ncRNA, non-coding RNA; lncRNA, long non-coding RNA; PRC2, polycomb repressive complex 2. cros ARTICLE 10390
Pancreatic cancer is a malignant neoplasm with a high mortality rate. The 5-year survival rate remains very low despite the use of comprehensive therapies, including surgical resection, radiation therapy, and chemotherapy (1) . Given the concealed location, pancreatic cancer is seldom diagnosed until serious clinical symptoms and signs are present. Most patients with pancreatic cancer are not candidates for surgical resection. Chemotherapy, radiotherapy, and immunotherapy have been employed to treat patients with pancreatic cancer. However, resistance of pancreatic cancer to current treatment protocols is a major obstacle to obtaining a better prognosis for patients with pancreatic cancer (2, 3) .
Dysregulation of cell apoptosis not only is involved in pathogenesis and progression of various cancers, including pancreatic cancer, but also contributes to resistance of cancer cells to chemotherapy-, radiotherapy-, and immunotherapy-induced cytotoxicity (4) . Apoptosis pathways may be initiated through different entry sites, including mitochondria and death receptors, leading to activation of effector caspases (5, 6) . Activating death receptor-induced apoptosis via the TRAIL 2 receptors death receptor 4 (DR4) and death receptor 5 (DR5) has been demonstrated in a wide variety of tumor cells in vitro and in vivo, and has been consistently highly selective for tumor cells over normal cells (7) . Many cancer cells are resistant to TRAILinduced cell death, however, especially some highly malignant tumors such as pancreatic cancer (8) . Some TRAIL and DR4/ DR5 agonist antibodies, including conatumumab (AMG655, antibody for DR5) and tigatuzumab (CS-1008/TRA-8, antibody for DR5), have also been used for treating several types of cancers. Unfortunately, overall they have shown limited anti-tumor efficacy (9, 10) . Therefore, further understanding of the molecular and cellular mechanisms of TRAIL resistance is critical for the successful application of TRAIL and DR4 or DR5 agonist antibodies in cancer therapy.
Multifaceted mechanisms including cross-talk of signaling pathways, genetic and epigenetic mutations, inactivation of tumor suppressors, and activation of oncogenes in cancer can lead to dysregulation of cell apoptosis. Epigenetic regulation by non-coding RNA (ncRNA) has been shown to play a major biological role in cellular development and metabolism (11) (12) (13) . Non-coding RNAs are transcripts without an open reading frame. Aberrant regulation of ncRNAs can lead to developmental abnormalities and a variety of diseases, including cancer (14 -16) . MicroRNAs are small ncRNAs with ϳ22 nucleotides and have been extensively investigated in many cellular systems, including various cancers (16) . On the other hand, long non-coding RNAs (lncRNAs) are mRNA-like transcripts rang-ing in length from 200 nucleotides to ϳ100 kb. A relatively small number of human lncRNAs have been characterized in a spectrum of biological processes (17) . Some lncRNAs have been associated with the pathogenesis of cancer (17) (18) (19) , including the HOX transcript antisense RNA (HOTAIR). Recent studies have shown that HOTAIR is overexpressed in many tumors, including pancreatic cancer, which may regulate cancer pathogenesis via epigenetic regulation (20 -24) . The lncRNA HOTAIR is a 2158-bp link RNA localized to a boundary in the HOXC gene cluster (20) . Inhibition of HOTAIR was associated with decreased pancreatic cell invasion and proliferation (24) . However, the function of HOTAIR in regulating pancreatic cancer TRAIL resistance has never been explored previously.
In this report, we determine the contribution of HOTAIR to resistance of pancreatic cancer cells to TRAIL-induced apoptosis. We identified a higher level of HOTAIR expression in TRAIL-resistant pancreatic cancer cells, whereas TRAILsensitive pancreatic cancer cells expressed a lower level of HOTAIR, suggesting a negative correlation between HOTAIR expression and the sensitivity of pancreatic cancer cells to TRAIL-induced apoptosis. Using gain and loss of function approaches, we further demonstrated a causative effect of HOTAIR on TRAIL-induced apoptosis via modulating DR5 expression. Mechanistically, HOTAIR was found to regulate DR5 expression via enhancer of zeste homolog 2 (EZH2), which modulated histone H3K27 trimethylation on DR5 gene. These studies have revealed a new causative link between lncRNA HOTAIR and pancreatic cancer TRAIL resistance, via epigenetic regulation of DR5 expression. Our results support the notion that targeting HOTAIR function may represent a novel strategy to improve efficacy of TRAIL therapy for resistant pancreatic cancer.
Results

HOTAIR expression in TRAIL-sensitive and -resistant pancreatic cancer cells
To determine the role of HOTAIR in pancreatic cancer cell TRAIL resistance, we analyzed the expression of HOTAIR in pancreatic cancer cells with different sensitivity to TRA-8. As shown in Fig. 1 , TRA-8-sensitive MiaPaCa-2 and BxPC3 cells expressed relatively lower levels of HOTAIR, whereas higher levels of HOTAIR expression were demonstrated in the TRA-8-resistant Suit2 and PANC-1 cells. The results suggest that higher levels of HOTAIR expression may contribute to the resistance of pancreatic cancer cells to TRAILinduced apoptosis.
Increased expression of HOTAIR inhibits TRAIL-induced apoptosis in sensitive pancreatic cancer cells
To determine a causative effect of HOTAIR expression on pancreatic cancer TRAIL resistance, we first increased the expression of HOTAIR in TRAIL-sensitive BxPC3 and MiaPaCa-2 cells (Fig. 2 ). BxPC3 and MiaPaCa-2 cells stably expressing 2-to 3-fold increase of HOTAIR over basal levels were generated (Fig. 2 , Aa and Ba). Increased HOTAIR expression in these TRAIL-sensitive pancreatic cancer cells markedly inhibited TRA-8-induced apoptosis (Fig. 2 , Ab and Bb). Furthermore, TRA-8 induced activation (cleavage) of caspase-8 in the control cells, which was blocked in the HOTAIR-overexpressing BxPC3 ( Fig. 2Ac ) and MiaPaCa-2 cells ( Fig. 2Bc ), further supporting that increased HOTAIR expression inhibits death receptor-activated apoptotic signaling. Therefore, increased HOTAIR expression in sensitive pancreatic cancer cells reduces their sensitivity to TRAIL-induced apoptosis.
HOTAIR down-regulation promotes TRAIL-induced apoptosis in TRAIL-resistant pancreatic cancer cells
A definitive role of HOTAIR expression in mediating TRAIL resistance was further demonstrated by knocking down HOTAIR in the TRAIL-resistant PANC-1 and Suit 2 cells ( Fig.  3 ). PANC-1 and Suit2 cells with HOTAIR knockdown were generated with shRNA specific for HOTAIR ( Fig. 3 , Aa and Ba). Knockdown of HOTAIR in the TRAIL-resistant PANC-1 and Suit2 sensitized them to TRA-8-induced apoptosis (Fig. 3 , Ab and Bb). Therefore, together with results in Fig. 2 , these studies demonstrate that the expression of HOTAIR in pancreatic cancer cells is correlated with their sensitivity to TRAIL-induced apoptosis.
HOTAIR regulates DR5 expression in pancreatic cancer cells
To determine HOTAIR-regulated signals that contribute to its effects on TRAIL-induced apoptosis, we analyzed the expression of the mediators in the TRAIL-activated apoptotic signaling pathways. Among the TRAIL death receptors, we found that the expression of DR5 was modified when HOTAIR expression was altered in pancreatic cancer cells ( Fig. 4 ). Overexpression of HOTAIR in the sensitive BxPC3 and MiaPaCa-2 cells decreased the expression of DR5 mRNA, as determined by real-time PCR (Fig. 4 , Aa and Ba). Western blot analysis further demonstrated inhibition of DR5 protein expression in HOTAIR-overexpressed cells (Fig. 4 , Ab and Bb). On the other hand, knockdown of HOTAIR in the resistant PANC-1 and Suit2 cells increased the expression of DR5 at both mRNA and protein levels ( Fig. 4 , C and D). Of note, the expression of other TRAIL death receptor DR4 was not affected by HOTAIR expression (data not shown). Therefore, HOTAIR regulates DR5 expression, thus contributing to the sensitivity/resistance of pancreatic cancer cells to TRAIL-induced apoptosis.
HOTAIR/EZH2 signaling regulates DR5 expression and TRAIL-induced apoptosis
HOTAIR has been shown to regulate the expression of tumor suppressor genes through interacting with polycomb repressive complex 2 (PRC2) containing EZH2 (enhancer of zeste homolog 2), which binds to the promoter regions of target genes that regulate chromatin structure and silence gene transcription (20) . Using DZNeP (5 M), a specific pharmacological inhibitor for the important PRC2 component EZH2 as reported (25), we found that inhibiting HOTAIR/ EZH2 function sensitized TRA-8-induced apoptosis in the resistant PANC-1 and Suit2 cells (Fig. 5A, a and b) , similar to the effects of HOTAIR knockdown ( Fig. 3 ). More importantly, DZNeP treatment resulted in recovery of TRAIL sensitivity in HOTAIR-overexpressed BxPC3 and MiaPaCa-2 cells, further supporting a direct role of EZH2 in mediating the function of HOTAIR-regulated TRAIL sensitivity (Fig. 5B, a  and b ).
In addition, the specificity of the EZH2 in regulating DR5 and TRAIL-induced apoptosis was determined using shRNA for EZH2. Consistent with the observations using DZNeP, EZH2 knockdown in PANC-1 and Suit2 cells sensitized these resistant cells to TRA-8-induced apoptosis (Fig. 5 , Ca and Da). The knockdown of EZH2 in these cells was confirmed by Western blot analysis (Fig. 5 , Cb and Db). Importantly, EZH2 knockdown markedly increased DR5 expression in these resistant pancreatic cancer cells (Fig. 5 , Cb and Db). Taken together, these results have demonstrated that inhibition of HOTAIR/ EZH2 signals increases DR5 expression and sensitizes TRAILinduced apoptosis in pancreatic cancer cells.
HOTAIR inhibits DR5 transcription via increased histone H3 trimethylation (H3K27me3) on DR5 gene
EZH2 enzyme catalyzes histone H3 lysine 27 trimethylation (H3K27me3), an important epigenetic modulation on histone that controls chromatin structure and inhibits gene transcription (26) . Accordingly, we first determined the effects of HOTAIR/EZH2 signal on H3K27me3. Inhibition of EZH2 by DZNeP decreased H3K27me3, confirming the function of EZH2 in regulating H3K27me3 in pancreatic cancer cells (Fig. 6A). Knockdown of HOTAIR expression by shRNA did not affect the expression of EZH2, whereas H3K27me3 was decreased (Fig. 6Ba ). Furthermore, HOTAIR knockdown markedly decreased H3K27me3 binding to the DR5 promoter, as demonstrated by chromatin immunoprecipitation (ChIP) analysis using an antibody for H3K27me3 (Fig. 6B, b and c) . stably HOTAIR overexpression were exposed to DZNeP (5 M) and subsequently treated with TRA-8 (1 g/ml) for 24 h. Apoptosis was determined by flow cytometry (n ϭ 3, *, p Ͻ 0.05, **, p Ͻ 0.01). C and D, EZH2 knockdown enhanced DR5 expression and TRA-8-induced apoptosis. PANC-1 and Suit2 cells stably expressing scrambled shRNA (shScr) or shRNA for EZH2 (shEZH2) were selected by puromycin. Panels Ca and Da, cells were exposed to TRA-8 (1 g/ml) for 24 h; apoptosis was determined by flow cytometry (n ϭ 3, *, p Ͻ 0.05, ***, p Ͻ 0.001). Panels Cb and Db, Western blot analyses of the expression of EZH2 and DR5. The expression of ␤-actin was used as a loading control. Representative blots from three independent experiments are shown.
Consistently, overexpression of HOTAIR did not affect EZH2 expression, but greatly enhanced H3K27me3 binding to the DR5 promoter ( Fig. 6C, a-c) . Altogether, these studies with gain or loss of function of HOTAIR have demonstrated that HOTAIR/EZH2 increases H3K27me3 on the DR5 gene, thus inhibiting DR5 transcription and decreasing DR5 expression as depicted in Fig. 6D .
Discussion
Many recombinant TRAIL or anti-human DR4 or DR5 monoclonal antibodies have been tested in phase I-III clinical trials for their anti-tumor efficacy, including antibodies for DR5, conatumumab, and tigatuzumab that have been tested for treating pancreatic tumors (Clinicaltrials.gov) (9, 10, 27, 28) . These reagents show low toxicity and are well tolerated in patients in clinical trials (7, 29, 30) . However, TRAIL and DR4/ DR5 agonist antibodies have shown only limited anti-tumor efficacy in clinical trials (9, 31) . The resistance of tumor cells to TRAIL-induced apoptosis and a lack of ability for the other anticancer agents to sensitize TRAIL-induced apoptosis likely contribute to the limited efficacy of the current TRAIL therapies. The present studies provide the first evidence that epigenetic modulation of the DR5 gene by long non-coding RNA HOTAIR regulates the resistance of pancreatic cancer cells to TRA-8-induced apoptosis, which may contribute to TRAIL resistance.
Although a positive correlation of TRAIL resistance and the expression levels of TRAIL receptors, including DR4 and DR5, are not consistently demonstrated, previous studies from our group and others have suggested that strategies to up-regulate the death receptors DR4 and DR5 enhance TRAIL-induced apoptosis in cancer cells (32) (33) (34) (35) (36) . The discovery of higher levels of lncRNA HOTAIR in the TRAIL-resistant cells led us to investigate whether there was a direct role of HOTAIR in TRAIL resistance. HOTAIR expression was previously linked to pancreatic cell invasion and proliferation (24) ; however, its function in regulating TRAIL-induced apoptosis has not been studied. Using gain and loss of function approaches, we demonstrated a causative effect of HOTAIR on modulating the expression of DR5 and thus regulating TRAIL sensitivity/resistance. Furthermore, the direct effect of HOTAIR on the expression of death receptors was specific for DR5, as we found that altered HOTAIR expression did not affect the expression of DR4 in either resistant or sensitive pancreatic cancer cells (data not shown).
Epigenetic modulation of regulators in the TRAIL-induced apoptotic pathway by non-coding RNAs has been studied previously, but largely by small non-coding RNAs or microRNAs. For instance, miR-148a is down-regulated in non-small cell lung cancer cells with acquired TRAIL resistance, and enforced expression of miR-148a sensitizes cells to TRAIL (37) . In addition, other microRNAs, such as miR-145, miR-216, miR-182, and miR-96, were predicted to regulate DR4/DR5 and Fas-associated death domain (38) , thus contributing to the regulation of TRAIL-induced apoptosis. To the best of our knowledge, the present studies represent the first effort to explore the regulatory effects of long non-coding RNA on TRAIL-induced apoptosis.
We demonstrated that inhibition of EZH2 by a pharmacological inhibitor or shRNA for EZH2 duplicated the effects of HOTAIR inhibition on DR5 expression and TRA-8-induced apoptosis. This observation is consistent with the known function of HOTAIR, which interacts with PRC2 containing the histone H3 methylation enzyme, EZH2, and silences gene transcription via EZH2-catalyzed H3K27me3 (20, 26) . Importantly, EZH2 inhibition attenuated HOTAIR-overexpression-induced TRAIL resistance, supporting a direct role of EZH2 in mediating the function of HOTAIR in regulating TRAIL-induced apoptosis. A previous study has shown that EZH2 expression in pancreatic cancer cells was significantly higher than in normal ductal pancreatic cells and fibroblasts. Thus, inhibition of EZH2 function by DZNeP inhibits pancreatic cancer cell proliferation and promotes anti-cancer drug-induced apoptosis (25) . Of note, the expression of EZH2 was similar in TRAILsensitive and -resistant pancreatic cancer cells in the present studies. Moreover, altered HOTAIR expression did not affect the expression of EZH2, indicating the effect of HOTAIR on DR5 expression was not through modulating EZH2 expression, but through regulating H3K27me3 of the chromatin on the promoter region of DR5 gene. It is likely that regulating H3K27me3 by altered HOTAIR/EZH2 may affect the expression of other molecules that may contribute to HOTAIR/ EZH2-regulated TRAIL sensitivity. Nonetheless, our studies utilizing the gain of function and loss of function of HOTAIR and ChIP analysis of H3K27me3 binding to DR5 promoter clearly support that HOTAIR/EZH2 regulated DR5 expression, which contributed to TRA-8-induced apoptosis. Therefore, a high level of HOTAIR may lead to increased recruitment of HOTAIR/EZH2 complex to the promoter region of DR5 that leads to H3 trimethylation, thus silencing DR5 expression.
In summary, we have demonstrated a causative effect of HOTAIR expression on resistance of pancreatic cancer cells to TRAIL-induced apoptosis and identified a novel mechanism underlying HOTAIR-regulated DR5 expression via EZH2-mediated H3K27me3 and its direct binding on the DR5 gene. These studies support the notion that targeting HOTAIR/ EZH2 to increase nascent DR5 expression in resistant pancreatic cancer cells may represent a new strategy to sensitizing TRAIL-induced apoptosis and thus improving TRAIL therapy.
Experimental procedures
Cell lines
Human pancreatic cancer cell lines MiaPaCa-2, BxPC3, Suit2, and PANC-1 were purchased from the American Type Culture Collection (ATCC) and maintained in DMEM or RPMI 1640 medium with 10% FBS.
Reagents and antibodies
DR5 agonist antibody, TRA-8, was generated as described previously (39) . Antibodies were purchased as follows: rabbit anti-DR5 antibody (ProSci, no. 2019, lot number 5355-1502), mouse anti-caspase 8 (BIOSOURCE no. AHZ0502, lot number 22363-01S), mouse anti-␤-actin (Sigma, no. A5541-2MI, lot number 014M4759), rabbit anti-EZH2 (Cell Signaling Technology, no. D2C9, lot number 7), and mouse anti-trimethyl-histone H3 (lysine 27) (Active Motif, no. 61017, lot number 23115012). The EZH2 inhibitor DZNeP was purchased from ApexBio Technology.
Western blot analysis
Whole cell lysates were prepared using extraction buffer (50 mM Tris-HCL-buffered saline, pH 7.4, 1% Triton X-100, 1% Nonidet P-40, and protease inhibitor mixture). Protein concentrations were measured with a BCA protein assay kit (Thermo Scientific). Proteins were separated by SDS-PAGE and transferred to Immobilon-P membranes. Membranes were blocked in 5% nonfat milk, incubated with primary antibodies and horseradish peroxidase-conjugated secondary antibodies. Signals were detected using Amersham ECL Western Blotting Detection Reagents (GE Healthcare).
Lentiviral constructs
Human HOTAIR cDNA was amplified by PCR and then inserted into lentivirus cloning vector (40) through Bamh 1 and Xho l restriction enzyme sites as we described previously (40) . For shRNA specific targeting HOTAIR or EZH2, shRNA oligos were generated according to Addgene instruction for construction of PLKO.1 shRNA lentivirus vector and inserted into pLKO.1-TRC cloning vector (Addgene).
Sequences for shRNA HOTAIR and shRNA EZH2 were as follows: shRNA-HOTAIR1, 5Ј-GAACGGGAGTACAGAGAG-ATT-3Ј (GenBank®, NR_047528.1); shRNA-EZH2, 5Ј-GCTCCT-CTAACCATGTTTACA-3Ј (GenBank®, NM_001203247.1).
The lentiviral vectors were subjected for sequencing analysis and packaged into HEK-293T cells to generate lentiviruses as we described previously (32, 41) .
Stable clone with HOTAIR overexpression or HOTAIR/ EZH2 knockdown was generated as we described previously (32) . For HOTAIR overexpression, lentiviruses carrying control vector or HOTAIR cDNA were infected in TRAIL-sensitive cells, MiaPaCa-2 and BxPC3. For HOTAIR/EZH2 knockdown, lentiviruses carrying control-scrambled shRNA or shRNA specific for HOTAIR or EZH2 were infected in TRAIL-resistant cells, PANC-1 and Suit2. Stably infected clones were selected by puromycin (2 g/ml).
Quantitative real-time PCR analysis
The RNA expression of HOTAIR, DR5, and ␤-actin were determined by real-time PCR using SYBR Green Master Mix kit (Bio-Rad) as we reported (42) . Primer sequences were as follows: human HOTAIR, 5Ј-GACACCACTGGAGGGTG-ACT-3Ј (forward) and 5Ј-CAGGTCCACATGGTCTTCCT-3Ј (reverse); human DR5, 5Ј-GAACAGCTGTGTCTGCCAAA-3Ј (forward) and 5Ј-TGGACTGTGACATCCCAGAA-3Ј (reverse); and human ␤-actin, 5Ј-GACATCCTGGAACTGC-CCTA-3Ј (forward) and 5Ј-GGTCATGTTGCCTTTCC-AGT-3 (reverse).
Analysis of apoptosis
Apoptosis of cells was determined by flow cytometry using Annexin V-fluorescein isothiocyanate (FITC) propidium iodide (PI) staining kit (BD Biosciences) or Annexin PE and 7 AAD staining kit (BD Biosciences) as we reported previously (32, 33) .
Chromatin immunoprecipitation (ChIP) assay
ChIP was performed according to previously published method (43) (44) (45) . In brief, cells were cross-linked by addition of formaldehyde (1% final concentration); and nuclei were collected by a serial of centrifugation, resuspended in buffer containing protease inhibitors, and sonicated on ice. After centrifugation, supernatant was adjusted to RIPA buffer. After being precleared with protein-agarose beads, samples were incubated with 2 g/ml of mouse anti-trimethyl-histone H3 (lysine 27) (Active Motif, no. 61017) or control IgG and subsequently incubated with protein A-agarose beads. The immune complexes were recovered, washed, treated with proteinase K followed by overnight reversal of cross-links. The resulting DNA was purified and analyzed by PCR and quantitative PCR (qPCR) using primers that recognize promoter sequences that flank DR5 gene promoter. The primers were as follows: 5Ј-GGGAAGGG-GAGAAGATCAAG-3Ј (forward), 5Ј-AGTCTCGTCAACGC-AATCCT-3Ј (reverse).
Statistical analysis
Results were statistically analyzed using an unpaired Student's t test or one-way analysis of variance (ANOVA). Data presented are means Ϯ S.D. p values less than 0.05 were considered significant.
